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The discretization of the electronic structure of nanometer-size solid systems due to quantum con-
finement and the concomitant modification of their physical properties is one of the cornerstones for
the development of Nanoscience and Nanotechnology. In this letter we demonstrate that Bragg scat-
tering of Cu(111) surface state electrons by the periodic arrangement of tetracyanoquinodimethane
(TCNQ) molecules at the edges of self-assembled molecular islands, discretizes the possible values
of the electron momentum parallel to the island edge. The electronic structure consists thus of a
discrete number of sub-bands which occur in a non-closed space and, therefore, without quantum
confinement.
The discretization of the electronic energy levels upon
confinement in regions smaller than their coherence
length is a fundamental result of Quantum Mechanics
[1] that determines the electronic structure of solid state
nanostructures. It is a key ingredient to understand phe-
nomena as diverse as the optical and transport proper-
ties of semiconductor Quantum Dots, Wires and Wells
[2], the oscillatory behavior of the superconducting tran-
sition temperature in thin films [3], the thermal stabil-
ity of metallic thin films [4–7], or the magnetic coupling
across thin non-magnetic spacers [8, 9] to mention just a
few examples. In solid state nanostructures, confinement
is usually achieved by reflection of the electronic wave
function at their surfaces or interfaces with different ma-
terials. When the width of the material between two
such interfaces is small compared to the electronic coher-
ence length, the values of the perpendicular wave vector
can only take on a series of size-dependent discrete val-
ues, k⊥,n. If the electronic structure of the solid in bulk
form is characterized by a dispersion relation E(k‖, k⊥),
that of the nanostructure will consist in a discrete num-
ber of subbands for the discrete series of k⊥,n values, i.e.
En(k‖, k⊥,n). In the absence of any other discretization
mechanism, one single confining interface is not enough
to obtain a discrete sub-band structure: reflection at the
interface would simply preserve k‖ and reverse k⊥, and
the interference between incoming and outgoing electrons
would lead to electron standing waves with a continuous
range of momenta.
In this letter we show Low-Temperature Scanning Tun-
nelling Microscopy and Spectroscopy results demonstrat-
ing that the electronic structure of the two-dimensional
electron gas (2DEG) at the Cu(111) surface nearby the
edges of self-assembled TCNQ islands consists of a dis-
crete set of sub-bands corresponding to a discrete set of
k‖,n values even when other confining interfaces are much
farther apart than the electron’s coherence length. The
values of k‖,n are equally spaced by an amount G/2 where
G = 2pi/a is the reciprocal lattice vector corresponding
to the periodicity a of the molecular edge. Our analysis
reveals that this effect arises from coherent Bragg diffrac-
tion of surface state electrons in backscattering configura-
tion. To our knowledge, this is the first example in which
the discretization of the electron momentum and elec-
tronic structure around solid state nanostructures is not
caused by electron confinement but by diffraction, lead-
ing to a 2D periodic perturbation of the charge density
and Density of States of the surface surrounding molecu-
lar islands with important implications for the adsorption
and reaction of further adsorbates.
The experiments were carried out in an Ultra-High
Vacuum (UHV) chamber (P ∼ 10−10 Torr) equipped
FIG. 1. (a) STM image of the edge of a TCNQ island, show-
ing the bulk and edge molecular arrangements. (b) 2D FFT of
the island bulk (lower panel) and 1D FFT of a scan line over
the island edge (upper panel). Black tick-marks correspond
to the peaks in the 1D FFT that correspond to the projection
of the bulk reciprocal space over the edge direction, while red
ticks mark the position of the new peaks. (c) STM image

























2with an Omicron Low-Temperature Scanning Tunneling
Microscope (LT-STM) and facilities for sample cleaning
and evaporation of organic material. Clean Cu(111) sur-
faces with large terraces were obtained by sputtering the
sample with Ar+ ions (PAr ∼ 10−5 Torr, 1.5 keV) fol-
lowed by annealing to 500 K for 10 minutes. TCNQ
molecules were deposited from a molecular evaporator
(sublimation temperature 360 K) with the substrate held
at RT. dI/dV (E) were recorded with a lock-in ampli-
fier using a modulation voltage of 10-20 mV under open
feedback conditions. For recording dI/dV (x,E)|y as a
function of the position x along specific lines in the sam-
ple, the feedback loop was closed before moving from
one point to the next. dI/dV (x, y)|E maps at specific
energies were measured under closed feedback loop con-
ditions.
As previously reported [10, 11], TCNQ molecules self-
assemble onto the Cu(111) surface with a rhomboidal
unit cell of size 4.8 nm × 1.8 nm (long diagonal × short
diagonal). The islands tend to be elongated along the
direction of the short diagonal of the unit cell, and the
island edges in this direction follow straight lines with a
rather small number of defects (Fig. 1a). The molec-
ular structure at these edges is not simply the crystal
termination of the 2D self-assembled structure: compari-
son between the 2D Fourier Transform (FT) of images of
the molecular structure inside the TCNQ island and the
1D FT of a scan line at the edge reveals that the latter
presents a new set of peaks halfway between the projec-
tion of the reciprocal space of the bulk (1.8 nm−1, Fig.
1b). Thus, a 1D reconstruction of the island edge takes
place, with a periodicity of 3.5 nm, which is twice the
size of the short rhombus diagonal. The 1D unit cell of
the reconstructed edges consists of three molecules, one
parallel to the edge, and two forming ±36◦ with the edge
in the shape of a V (Fig. 1c). STM images recorded at
low voltages (<100 mV) close to the reconstructed island
edge reveal the standing wave pattern caused by interfer-
ence between incoming and scattered electrons (Fig. 1c).
Standing waves surrounding individual molecular adsor-
bates [12] or arrays or organic molecules [13–15] have
been previously found, but in previous studies (both for
organic adsorbates or other types of 0 and 1D defects
[16–19]) the wave fronts follow 1D continuous curves on
the surface, instead of a 2D array of maxima and minima
like the one in Fig. 1c.
In order to investigate the electron scattering processes
at the TCNQ island edge leading to this peculiar standing
wave pattern, we have recorded dI/dV (x,E) spectra at
different distances x from the TCNQ edges (Fig. 2c and
d) and from monoatomic step edges on the bare Cu(111)
surface (Fig. 2a-b). In both cases, the spectra reveal the
onset of conductivity at about 0.45 eV below the Fermi
level, characteristic of the Cu(111) surface state. For
higher energies, the conductivity oscillates with the dis-
tance to the linear scatterer, with a period that decreases
a) b)
c) d)
FIG. 2. (a) Upper panel: dI/dV (x,E) measured along the
perpendicular direction of a bare step edge. Lower panel:
Cut of the upper panel for a bias voltage of -100 mV. (b)
Upper panel: FFT of the data of (a), revealing the existence
of only one band. Bottom panel: cut of the upper panel for
a bias voltage of -100 meV. (c) Upper panel: dI/dV (x,E)
measured along the perpendicular to the TCNQ island edge.
Lower panel: Cut of the upper panel for a bias voltage of -100
mV. (d) Upper panel: FFT of the data of (b), revealing the
existence of three sub-bands. Bottom panel: cut of the upper
panel for a bias voltage of -100 meV.
with increasing energies (Fig. 2a and c, upper panels).
The most striking difference between the scattering at
TCNQ edges and at bare Cu(111) steps is the depen-
dence of the amplitude with the distance: while for bare
monoatomic steps the intensity decreases monotonically
with the distance to the step (Fig. 2a, lower panel), as
previously reported [16, 17, 20], for TCNQ edges there
is an additional amplitude modulation (Fig. 2c, lower
3panel). Also, while the distance at which a particular
wavefront is found for scattering with a copper step edge
increases smoothly with decreasing energies, for scatter-
ing with TCNQ island edges the evolution present well
defined kinks or discontinuities, marked by arrows in Fig.
2c. Both phenomena can be attributed to the superpo-
sition of waves with different wavelengths. This is more
clearly seen by performing a line-by-line FT of the ex-
perimental data at each energy, showing the tunneling
conductance as a function of ∆k⊥ and E. For scattering
with a bare Cu(111) step, only one wave vector is found
to contribute at each energy above the surface state on-
set, with the parabolic dispersion relation of the surface
state (solid red line in Fig. 2b). Previous studies demon-
strated that the periodicity of the standing wave pattern
due to reflection of surface state electrons with bare step
edges is determined by scattering processes of electrons in
normal incidence, for which ∆k⊥ = 2k⊥, while the effect
of other scattering geometries is a decay in the intensity
of the maxima away from the step edge [20]. On the
other hand, for scattering with the TCNQ edge, along-
side the band originating from the normal reflection of
surface state electrons, two other parabolas are clearly
visible at higher energies (Fig. 2d, upper panel). The
bottom of the new bands are shifted with respect to the
surface state onset by 70 and 270 meV respectively, but
the effective mass does not change significantly (blue and
green curves in Fig. 2d). The electronic structure of the
2DEG nearby a single edge of the molecular islands thus
consists in a discrete series of electronic sub-bands which
disperse parabolically with k⊥, even when a second edge
is not present to produce confinement.
The origin of the discrete sub-band structure has been
further examined by recording dI/dV (x, y)|E maps with
the feedback loop closed at specific bias voltages, show-
ing different standing wave patterns (Fig. 3(a), (c) and
(e)). The wave-vectors that contribute to the observed
patterns have been studied by 2D FT of those images
(see Figure 3(b), (d) and (f)): depending on the energy,
the FFT of the standing waves shows intense maxima
from three or five pairs of points superimposed on a faint
circular background attributed to scattering with ran-
domly distributed point-like defects. These maxima dis-
appear gradually with increasing distance to the island
edge, so they can be attributed to scattering of surface
state electrons with TCNQ molecules. The momentum
transfer values parallel to the edge for the observed max-
ima, ∆k‖, are equally spaced by 1.8 nm−1 for all the
energies investigated. Comparison between the 2D maps
and the energy resolved dI/dV (k⊥, E) from Figure 2a
demonstrates that the new sub-bands observed at the
TCNQ edges correspond to the quasi-free dispersion re-
lation of the surface state electrons of Cu(111) with k⊥
at the quantized values of ∆k‖,n (Fig. 3g).
The quantization of the parallel momentum transfer,


























FIG. 3. dI/dV (x, y)|E maps recorded with the lock-in am-
plifier at different bias voltages (a, c and e) and their corre-
sponding symmetrized 2D-FFT images (b,d and f). At the
constant-energy circles arising from scattering ad different
types of surface defects (white dotted circles), some points
appear with a rather large intensity, being equally spaced in
∆k‖ (white dotted lines). (g) Comparison of the projection
onto the ∆k⊥ axis of the high-intensity points in the 2D-FFT
with the momenta of the three parabolas found in Fig. 2.
tion for diffraction of a 2D wave with a 1D crystal. The
reciprocal space of the 1D TCNQ edge consists of a regu-
lar array of straight lines perpendicular to the edge with
a spacing of 2pi/a = 1.8 nm−1 (see Fig. 1b), in perfect
agreement with the value of G within experimental er-
ror. From that point of view, our experimental results
are comparable to a Low Energy Electron Diffraction ex-

































































FIG. 4. (a-d) Scattering geometry for four possible incidence angles of the incoming electron, calculated for an energy of -40
meV and n = −1 in the Laue condition. Top panel: Real space representation of the scattering process, where the orange area
corresponds to the TCNQ edge, and the light cyan area to bare Cu(111) areas. Blue (green) vectors represent the momentum of
the incident (scattered) electron. Bottom panels: Reciprocal space representation of the scattering process visualized through
an Ewald-sphere construction. Vertical dotted lines correspond to the reciprocal space of the TCNQ edge, while the solid circle
represent the constant-energy surface for the surface state electrons. Momentum transfer vectors associated to these scattering
processes are also drawn in red. (a) and (d) correspond to the limiting cases in which one of the two momentum vectors is
aligned with the island edge. (c) corresponds to the backscattering configuration. (e) Momentum-transfer space derived from
the previous analysis compared to the experimental dI/dV (x, y)|E maps at -40 meV, showing that the vectors contributing to
the standing waves are those corresponding to backscattering processes. (f) Origin of the discrete sub-bands as intersections
between the 2D surface state paraboloid and the constant k‖ planes originating from the Laue and backscattering conditions
(k‖,n = nG/2).
2D electrons instead of free 3D electrons. One impor-
tant difference, however, is the direction of the incident
electrons: while in standard diffraction techniques the
incidence angle is chosen by the experimentalist, in our
results surface state electrons will arrive at the TCNQ
edge from every possible direction in the half-plane not
occupied by the island (Figs. 4a-d, top panel).
The momentum of the outgoing electron after a Bragg
scattering event is completely determined by the di-
rection of the incoming electron through the Laue and
energy-conservation conditions. This is illustrated in the
Ewald sphere construction in the lower panels of Figs.
4a-d for an energy of -40 meV and n = −1 in the Laue
condition. In this construction, the constant-energy cir-
cles are drawn so that the incident momentum vector
links the center of the circles with one of the recipro-
cal space lines of the TCNQ island edge. The outgo-
ing momentum following Bragg diffraction of order n is
thus determined from the intersection of the constant-
energy circle with another reciprocal space line separated
by nG from the one corresponding to the incident mo-
mentum. As can be observed in Figure 4, each incidence
angle will lead to a different momentum transfer vector
(∆k). The modulus of ∆k is maximum for the incidence
angle that makes the initial and final momentum vec-
tors antiparallel (backscattering configuration, ki = −kf ,
|k‖,i| = |k‖,f | = nG/2 see Fig. 4c) since the momen-
tum transfer vector couples points which are diametri-
cally opposed in the constant energy circle. For each
energy the range of possible scattering geometries is lim-
ited by the case of grazing incidence of incoming electrons
(k‖,i = ±kE , Fig. 4a), and the case of grazing direction
for the scattered electron (k‖,f = ∓kE , k‖,i = ∓kE±nG,
Fig. 4d). The modulus of ∆k has the minimum value
for these two limiting scattering configurations. In the
momentum transfer space (which is directly compara-
ble to the dI/dV (x, y)|E maps), nth-order Bragg scat-
tering will be defined by a range of momentum transfer
5vectors with the same parallel component (nG) and a
value of the modulus ranging from the maximum of 2kE
for backscattering processes to the minimum value for
the limiting scattering configurations (Figure 4e). No-
tice that all these processes are elastic since they couple
points in the same constant-energy surface.
Comparing the experimental 2D-FFT with the ex-
pected distribution of momentum transfer values (Fig.
4e) we observe that, although some intensity is visible at
the reciprocal space lines extending to the interior of the
backscattering circle, the intensity is strongly localized at
the circle. From our previous discussion, the localization
of the intensity at the 2kE circle in the momentum trans-
fer space implies that, out of all the possible scattering
geometries, those with the largest contribution to the ob-
served standing wave pattern correspond to the backscat-
tering configuration. This is in agreement with previous
studies on standing wave patterns of noble metal surface
states observed by STM [12, 13, 18–20], and is related
to the fact that the momentum transfer vectors associ-
ated to these scattering processes are extremal over all
the possible vectors spanning the constant energy lines.
Notice that taking into consideration both the Laue con-
dition for Bragg diffraction (∆k‖,n = k‖,f − k‖,i = nG)
and the backscattering condition (k‖,i = −k‖,f ) we must
conclude that the DOS of the sample is dominated by
electrons for which the parallel component of both the
incoming and outgoing momenta is quantized in units
of G/2. The electronic structure of the Cu(111) sur-
face state nearby the edges of TCNQ islands is thus dis-
cretized by this process, and the original surface state
becomes a discrete collection of sub-bands obtained from
the intersection of the 2D paraboloid with a set of equally
spaced planes of constant k‖ = nG/2 (see Fig. 4f). The
bottoms of these sub-bands are shifted upwards in energy
by h¯2/2m∗(nG/2)2 = h¯2/2m∗(npi/a)2. These shifts be-
come very large for a short periodicity of the scatterers.
For example, for the bottom of the 1st sub-band to be
1 eV above the Fermi level, the periodicity must be of
at least 0.8 nm. Thus, our observation is only possible
because of the large periodicity of the TCNQ edge.
To summarize, the diffraction of 2D electrons with a
1D periodic array of molecular scatterers leads to the
quantization of the momentum transfer parallel to the
edge in integer units of the reciprocal space vector of
the edge G and, thus leads to the existence of discrete
sub-bands without full quantum confinement at the cor-
rugated edges of TCNQ islands. In general, such scenario
should discretize the electronic structure of solids close
to periodically corrugated interfaces, creating a layer of
thickness of the order of the electronic coherence length
with a modified DOS. Engineering the lateral periodic-
ity of the surface corrugation becomes thus a new avenue
to modify the physical properties of materials, from the
superconducting transition temperature to their thermal
stability.
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